OBJECTIVE-End-stage renal disease (ESRD) attributed to diabetes is strongly dependent on genetic factors. We previously reported association between variants in the plasmacytoma variant translocation gene (PVT1) and ESRD attributed to type 2 diabetes in Pima Indians. The objective of this study was to evaluate the extent to which these variants mediate susceptibility in other populations.
D
iabetic nephropathy has become the major cause of end-stage renal disease (ESRD) in developed countries and is associated with substantial morbidity and mortality (1) . The prevalence of ESRD attributed to diabetes has increased in recent years, mainly due to improved ascertainment of the disease by the U.S. Renal Data System, the rising prevalence of type 2 diabetes, and the decreasing age of type 2 diabetes onset (1, 2) .
Genetic factors modulate risk for ESRD in diabetes (3, 4) , but to date, no genes with significant effects on disease susceptibility have been identified. We recently performed a whole-genome association study to identify single nucleotide polymorphisms (SNPs) associated with ESRD in Pima Indians with type 2 diabetes, and found the strongest evidence for association between seven markers located on 8q24 and disease status (5) . Genotyping of an additional 100 SNPs confirmed and strengthened findings of association. The strongest evidence for association with diabetic ESRD was found with marker rs2648875 (P ϭ 1.8 ϫ 10
Ϫ6 ; odds ratio [OR] 2.97 [95% CI 1.90 -4.65]) (5) . All of the variants associated with ESRD were located within the plasmacytoma variant translocation gene (PVT1) genomic locus (5) .
To begin to understand the molecular mechanisms by which PVT1 may contribute to ESRD susceptibility in diabetes, we first sought to determine the extent to which variants in this gene were associated with the disease in independent groups of affected individuals. Furthermore, because some of the pathophysiology underlying kidney disease, such as thickening of the glomerular basement membrane and mesangial expansion, may be shared between type 1 and type 2 diabetes (6,7), we considered the possibility that PVT1 variants may also contribute to ESRD susceptibility in individuals with type 1 diabetes. To address these questions, we genotyped PVT1 variants previously showing the strongest evidence for association with ESRD in Pima Indians in a group of Caucasian participants from the Genetics of Kidneys in Diabetes (GoKinD) study with known ESRD (8) . We also investigated PVT1 expression in key cell types of the kidney as a first step toward understanding the molecular mechanisms by which variants in this gene may mediate susceptibility to ESRD in diabetes.
RESEARCH DESIGN AND METHODS
All subjects in this study are participants in the GoKinD study, which has been described in detail elsewhere (8) . Briefly, the GoKinD study was initiated to identify genes involved in diabetic nephropathy. Study participants are characterized by long-term type 1 diabetes, with or without kidney disease. Recruitment criteria for case participants included type 1 diabetes duration of at least 10 years and severe diabetic nephropathy, defined by either persistent proteinuria or ESRD. An ESRD diagnosis was determined by the presence of either chronic dialysis or kidney transplant. Control participants were selected based on a type 1 diabetes duration for at least 15 years, the presence of normoalbuminuria with no prior history of treatment with angiotensinconverting enzyme inhibitors or angiotensin receptor blockers, and no usage of antihypertensive medications at the time of enrollment. Subjects provided written informed consent, and the study was approved by the Institutional Review Boards of all participating centers (8) . For the current study, we designed case and control groups to have similar distributions of sex, age, age of diabetes onset, diabetes duration, and smoking status. All PVT1 variants in the present study were genotyped in 531 case subjects with ESRD and 564 control subjects with diabetes duration Ͼ20 years, defined as the duration of diabetes at onset of nephropathy for case patients or duration of diabetes at time of enrollment for control participants (8) . Mean albumin-to-creatinine ratio (ACR) in the control group was 8.7 mg/g. Of the 564 individuals in the control group, 8 had ACR ranges between 30 and 300 mg/g; however, the likelihood that these individuals will progress to ESRD after 20 years of diabetes duration is considered low. Mean HbA 1c , BMI, and systolic/diastolic blood pressure were similar between the case and control groups (6.9 Ϯ 1.9 vs. 7.5 Ϯ 1.2%; 25.2 Ϯ 5.3 vs. 26.2 Ϯ 4.3 kg/m 2 ; 131 Ϯ 19/73 Ϯ 11 vs. 119 Ϯ 12/71 Ϯ 8 mmHg, respectively). Eighty-six percent of individuals in the case group had retinopathy, compared with 36.7% of those in the control group. All members of the subset used in this study were Caucasian. Characteristics of the study sample are shown in Table 1 . SNP selection and genotyping. Twenty-four markers showing the strongest evidence for association with ESRD in Pima Indians with type 2 diabetes (5) were selected for genotyping in the GoKinD study sample. These included rs7010121, rs11993333, rs10808565, rs3815871, rs13447075, rs2720709, rs2720659, rs2720660, rs2648862 (formerly referred to as chr8:129130967 in 5), rs2720662, rs1499373, chr8:129137686, rs2648875, rs2648876, rs2250888, rs2720666, rs2720667, rs1499368, rs1499367, rs3931283, rs4526320, rs4733595, rs1121947, and rs7465157. These markers spanned a distance of ϳ285 kb in the PVT1 genomic locus. All SNPs were genotyped using the iPLEX assay in conjunction with the MassARRAY platform (Sequenom, La Jolla, CA) as previously described (5) . Briefly, primers and multiplex conditions were designed using the Assay Design v3.0 software, and DNA amplification and iPLEX primer extension were performed according to the manufacturer's protocol (Sequenom). The observed genotype frequency for each SNP was assessed for deviation from that expected under Hardy-Weinberg equilibrium using 2 analysis, and 72 encrypted samples were used to assess data quality. Assays were considered successful and genotype data were subsequently analyzed if 1) a minimum of 90% of all genotyping calls were obtained, 2) markers did not deviate significantly (P Յ 0.05) from Hardy-Weinberg equilibrium, and 3) genotyping error results were Ͻ3%. Statistical analyses. Statistical analyses were performed using SAS system v8.02 (SAS Institute, Cary, NC). The association between genotypes and ESRD was assessed using logistic regression under an additive model and adjusting for the effects of age 2 (age ϫ age), age 3 (age ϫ age ϫ age), diabetes duration, and cigarette smoking status, which were the only covariates showing statistically significant differences (P Յ 0.05) between case and control subjects using multivariate regression analysis. Because markers were selected due to previous findings of association with ESRD, we considered them to be a priori, independent hypotheses, and therefore we did not correct for multiple testing. Linkage disequilibrium between SNP pairs was quantified using both DЈ and r 2 . The fastPHASE program (9) was used to infer missing genotypes, predict haplotypic phase, and estimate haplotype frequencies for multiple loci within PVT1. Haplotypes were then tested for association with ESRD using a logistic regression model as described for the analysis of individual markers.
Confirmation of rs13447075 and transcript variant 6 by direct sequencing. The marker showing the strongest evidence for association, rs13447075, is located within a putative PVT1 transcript isoform, which we refer to as transcript variant 6 (tv6) in this study. To evaluate whether this transcript variant was detectable by direct sequencing, we designed primers using the cDNA clone IMAGE:4366721 (BG110543). The forward primer (5Ј-ATGGCTA-GAGGATCTACATGAACTATTTAG) spanning the putative exon 3, where rs13447075 is located, and the reverse primer (5Ј-TGTCACCCTAACATTAACT-GCTCAG) spanning the putative exon 4/5 boundary were used to amplify cDNA obtained from human kidney cells (renal epithelial cells, renal proximal tubule epithelial cells [PTECs] , renal cortical epithelial cells [CECs] , and mesangial cells; see below for details), and q-PCR Human Reference Total RNA (Stratagene, Los Angeles, CA). Amplified cDNA product was used as a template for sequencing using the same primers described above but with the addition of M13 tags to facilitate sequencing (forward, 5Ј-TGTAAAACGACG-GCCAGT; and reverse, 5Ј-CAGGAAACAGCTATGACC). Amplicons were sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. Chromatograms were analyzed using Sequencher software v4.7 (Gene Codes, Ann Arbor, MI). Expression profile of tv6 in human renal cells. To determine expression patterns for tv6, we performed quantitative PCR using total RNA derived from different human primary renal cell types. Renal epithelial cells, PTECs, CECs, and mesangial cells were purchased from Cambrex (Walkersville, MD) and cultured under the conditions recommended by the supplier. Cells were plated in six-well tissue culture plates at a density of 10,000 cells/cm 2 . Cells were harvested at Ն85% confluency and treated with TRIzol (Invitrogen, Carlsbad, CA), and total RNA was isolated using the RNeasy mini kit according to the manufacturer's protocol (Qiagen, Valencia, CA). RNA concentration was determined using the NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE), and RNA quality was assessed with the Series II RNA 6000 Nano Lapchip kit in conjunction with the 2100 BioAnalyzer (Agilent Technologies, Chicago). First-strand cDNA was synthesized from the total RNA obtained from epithelial cells, PTECs, CECs, and mesangial cells using oligo(dT) priming and SuperScript III reverse transcriptase (Invitrogen). Quantitative PCR was performed using 15 ng total RNA, 1ϫ Power SYBR Green Master Mix (Applied Biosystems), and 4.5 pmol each primer; the ABI Prism 7000 Sequence Detection System (Applied Biosystems); and cycling conditions consisting of an initial denaturation of 95°C for 10 min, followed by 40 cycles of 95°C/15 s and 60°C/1 min. A pool of cDNA from each of the kidney cell types was made and used as a template for generation of a standard curve. ␤-2-Microglobulin, glyceraldehyde-3-phosphate dehydrogenase, and ␤-actin (ACTB) were used to normalize expression data using the qBase program (10) .
RESULTS
Characteristics of study sample. The 1,095 individuals in this study sample were all recruited as part of the GoKinD study (8) . Table 1 contains demographic data for the case and control subjects. All study participants were Caucasian with type 1 diabetes, and age of diabetes onset and sex were closely matched between the two groups. The mean age of individuals with ESRD was 44.5 Ϯ 6.1 years compared with 41.6 Ϯ 8.8 years in the control group (P Ͻ 0.0001). Duration of diabetes was slightly higher in case subjects (32.6 Ϯ 7.2 years) versus control subjects (28.8 Ϯ 7.0 years; P Ͻ 0.0001). Although the percentage of current smokers was similar between case and control subjects, a positive history of cigarette smoking was more common among case subjects compared with control subjects (48.8 vs. 36.7%, respectively; P ϭ 0.01). Association of PVT1 variants with ESRD. We determined the haplotype block structure for PVT1 using the method of Gabriel et al. (11) given the SNPs genotyped, and identified five haplotype blocks (Fig. 1A) . Blocks 1-4 are situated within PVT1, and block 5 is located in the adjacent 3Ј-flanking region of the gene. None of the haplotype blocks encompassed the coding region of the main PVT1 mRNA isoform, which extends from 128972056 -129021982. Block 1 starts within intervening sequence between alternative PVT1 exons and ends in an alternative exon. Blocks 2, 3, and 4 are situated within intervening sequence, and all contain an alternate exon. Block 4 was the largest block and spanned 12 kb. In contrast, haplotype blocks in Pima Indians ranged in size from 3 to 50 kb (Fig. 1B) . In general, linkage disequilibrium between PVT1 variants was substantially greater and extended over a larger range in Pima Indians compared with GoKinD study participants (see Supplementary Fig. 1 , which is available in the online appendix at http://dx.doi. org/10.2337/db07-0675).
We first assessed individual SNP associations with ESRD. As shown in Table 2 , three SNPs (rs11993333, rs13447075, and rs2648862) were associated with ESRD at statistically significant levels (P Ͻ 0.05) in analytical models assuming an additive allele effect on the logarithm of odds and adjusting for the effects of diabetes duration, smoking status, age 2 , and age 3 . Concordance between these markers was r 2 ϭ 0.16 (rs11993333-rs13447075), 0.01 (rs11993333-rs2648862), and 0.00 (rs13447075-rs2648862).
We next examined the association between PVT1 haplotype frequencies and ESRD. Because rs10808565 and rs3815871, both located in the first block, were strongly concordant (i.e., DЈ ϭ 1.00; r 2 ϭ 0.98), genetic information in block 1 was represented by two markers: rs10808565 and rs13447075. In block 1, we identified three major haplotypes, including haplotype C-A, which had a frequency of 17.5% in case subjects and 13.4% in control subjects and was associated with ESRD (OR 1.47 [95% CI 1.14 -1.90]; P ϭ 0.003). We observed four major haplotypes with a frequency Ͼ10% in both blocks 2 and 3 but found no statistically significant evidence for association with ESRD with any of the haplotypes in these blocks. Within block 4, represented by markers rs2250888, rs2720666, and rs1499368, there were four common haplotypes with frequencies Ͼ5%. The most common haplotype in this block, C-A-G, showed a trend toward association with ESRD but at levels that did not reach statistical significance (P ϭ 0.08). PVT1 tv6 is expressed in human renal cells. The PVT1 genomic locus spans 128972017-129182681 on human chromosome 8q based on the latest genome assembly (http://genome.ucsc.edu [March 2006] ) and through use of alternative splicing and alternate exons, gives rise to at least six different mRNA isoforms. Markers rs11993333, rs13447075, and rs2648862 are located at 129061669, 129079772, and 129130967, respectively, and all lie downstream from the last coding exon of the major PVT1 transcript, XM_001129539. SNP rs13447075, which showed the strongest association with ESRD, is uniquely located within PVT1 tv6.
To initiate characterization of the rs13447075 marker and the tv6 sequence, we amplified cDNA from epithelial cells, PTECs, CECs, mesangial cells, and Q-PCR Human Reference Total RNA (Stratagene) using primers flanking the putative exon 3 of the transcript where marker rs13447075 is located. Using direct sequencing, we verified the presence of rs13447075 and found that each of the cell lines had the CC genotype at this locus. We also confirmed the presence of the putative exon, including junction boundaries for flanking exons.
We performed quantitative PCR using RNA isolated from epithelial cells, PTECs, CECs, and mesangial cells to evaluate tissue-specific expression of tv6. As shown in Fig.  2 , tv6 expression was detected in each cell type examined, with CECs and PTECs showing the highest levels of expression. In general, tv6 expression was higher in these renal cell types relative to other PVT1 transcript variants (data not shown), suggesting that the product encoded by tv6 plays a role in the kidney.
DISCUSSION
This study represents the first attempt to replicate statistically significant findings of association between markers in the PVT1 gene and ESRD resulting from diabetes in Pima Indians. In the current study, we observed association between ESRD and PVT1 variants in an independent and ethnically distinct population, suggesting that this gene may be a key determinant of ESRD across populations.
One of the most interesting findings of this study pertains to the association between PVT1 markers and ESRD due to type 1 diabetes. In our original study (5), we observed association between PVT1 markers and ESRD attributed to type 2 diabetes. Although type 1 and type 2 diabetes are not known to share a common etiology and are not dependent on similar risk factors, complications resulting from either disease often follow a similar course of progression. For example, in renal complications of diabetes, pathophysiological features such as thickening of the glomerular basement membrane and expansion of the mesangium are hallmark events in patients affected with either type 1 or type 2 diabetes (6,7). The current findings suggest that genetic determinants of kidney disease may also be shared between type 1 and type 2 diabetic individuals.
Through the use of alternative exon usage, PVT1 expression gives rise to numerous transcript variants. We found the strongest evidence for association with PVT1 marker rs13447075, which is uniquely located within one of these mRNA isoforms: tv6. Preliminary characterization confirms both the identity of this marker and exon junction boundaries in the transcript. Interestingly, the first two ATG sequences in the currently available EST sequence for tv6 (BG110543) occur at 130 and 147 bp. If either sequence represents a methionine start codon, then the C-to-A substitution represented by rs13447075 is predicted to cause a Gln17Stop or a Ser23Stop mutation. Such a substitution is expected to produce a truncated protein, which may impact on PVT1 function or activity. We are presently characterizing the full-length tv6 sequence to address possible functional consequences of rs13447075. However, findings of relatively abundant tv6 expression in four different human renal cell lines are consistent with a role for this gene in the development of kidney disease.
Two interesting differences were noted between the current study and the initial one conducted in Pima Indians with type 2 diabetes. First, different markers in the PVT1 locus showed the strongest evidence for association with ESRD between the two study samples. In Pima Indians, rs2648875 was most strongly associated with ESRD, whereas in the GoKinD study participants, the most significant evidence for association was observed with marker rs13447075. This finding is likely attributed to the varying patterns of linkage disequilibrium between the two populations. For example, linkage disequilibrium between rs13447075 and rs2648875 was vastly different between study samples (DЈ ϭ 0.32 and 0.91 in GoKinD study participants and Pima Indians, respectively). In general, linkage disequilibrium was stronger and extended over much greater distances in Pima Indians compared with the GoKinD study participants. This observation implies that identification of the causal variant in Pima Indians may be hampered by the substantial linkage disequilibrium between SNPs in the PVT1 locus in this population. In contrast, concordance between genotyped markers was much lower in GoKinD study participants compared with Pima Indians, indicating that susceptibility alleles for diabetic ESRD may be more feasibly identified in this population. It is thus possible that rs13447075 or a marker in strong linkage disequilibrium with rs13447075 may represent a causal variant. However, it is also possible that Data are n (%). Genotypes for each marker were evaluated in 531 diabetic case subjects with ESRD and 564 diabetic control subjects from the GoKinD study. The number of individuals (n) per genotype is shown with the frequency (%) for each group. ORs were calculated under an analytical model assuming an additive allele effect on the logarithm of odds and is expressed per copy of the major allele, which is listed first in the Genotype column.
Results shown were adjusted for the effects of diabetes duration, smoking status, age 2 , and age 3 .
distinct variants within PVT1 may differentially affect susceptibility to disease in the two samples. We observed that the A allele of rs13447075 was more frequently present in diabetic individuals with ESRD from the GoKinD study, whereas the C allele was associated with diabetic ESRD in Pima Indians. Association of opposite alleles at the same marker (i.e., flip-flops [12] ) are somewhat common in studies involving case-control samples and may be either the result of spurious findings of association or true confirmations of locus effects. Observations of flip-flop occur across study samples of different ethnic compositions and may be explained by variable effects of the same biallelic locus due to differences in genetic background and/or environmental exposures (12) . Flip-flop associations may represent spurious findings when the minor allele frequency is Ͻ5% (12) . At the rs13447075 locus, the A allele in Pima Indians and GoKinD study participants was present at frequencies of 11.5 and 15.6%, respectively, suggesting that rare allele frequencies are not a major determinant of flip-flop association at this marker. Flip-flop associations may also be due to a lack of consideration for effects of multiple loci on disease susceptibility (12) . Diabetic ESRD likely results from complex interactions among genetic and environmental factors. In the present study, we investigated a single locus, and it is possible that findings of flip-flop association are attributable to our not accounting for multilocus effects jointly with the PVT1 markers. However, few loci for diabetic ESRD have been identified, much less confirmed, and it is not yet feasible to account for such multilocus effects in investigations of this disease. Systematic investigation of this gene and testing of PVT1 variants in multiple independent populations are necessary to verify whether rs13447075 flip-flop association is spurious or confirmatory of a true locus effect.
In summary, we observed association between PVT1 markers and ESRD, previously identified in Pima Indians, in an independent and ethnically distinct population of diabetic individuals. Furthermore, because linkage disequilibrium between markers is much weaker in this population relative to that in Pima Indians, we have narrowed the region of interest to a specific PVT1 transcript isoform. Preliminary characterization indicates that this transcript is abundantly expressed in kidney cells, which is strongly consistent with a potential role in metabolic dysregulation in this tissue preceding the development of renal failure in diabetes. Together, these findings suggest that PVT1 may be a key factor in mediating susceptibility to this disease. 
